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(57) ABSTRACT

The mvention relates to a method and a system for the recon-
struction of an object function (1(x)) based on projections
acquired during the motion of a radiation source on a helical
trajectory (17). The method 1s particularly suited for an n-PI+
acquisition which by definition completely comprises an n-PI
and additionally some overscan data from the (n+2)-PI win-
dow. According to the method, two sets (X=m, 2>m) of
filtered projections are generated from the measuring values
and separately back-projected to yield two absorption func-
tions. The first absorption function (f(x)) is based on contri-
butions of Radon-planes with at most m intersections with the
source trajectory (17), while the second absorption function
(f¥(x)) is based on Radon-planes with more than m intersec-
tions with the source trajectory (17). The two absorption
functions are added to yield the final absorption function
(1(x)) of an object in the examination zone. In an approxima-
tive version of the method, the sets (X=m, Z>m) of filtered
projections are first added and then back-projected.

17 Claims, 8 Drawing Sheets




US 7,778,387 B2
Page 2

U.S. PATENT DOCUMENTS

2004/0125910 Al1* 7/2004 Katsevich .................... 378/15

2006/0039525 Al 2/2006 Bontus et al.

2006/0233294 Al* 10/2006 Bontusetal. .................. 378/4

2008/0013676 Al* 1/2008 Bontus et al. ................. 378/17
OTHER PUBLICATIONS

Bontus et al., CEnPIT: Helical cardiac CT reconstruction, Med Phys,
33, 8, Aug. 20006, pp. 2792-2799 *

Bontus, C., et al.; EnPiT: Filtered Back-Projection Algorithm for
Helical C'T Using an n-P1 Acquisition; 2005; IEEE Trans. on Medical
Imaging; 24(8)977-986.

Bontus, C., et al.; EnP1T: A reconstruction algorithm for helical CT;
2004; IEEE Nuclear Science Symposium Conference; pp. 3027-
3030.

Bontus, C., et al.; A quasiexact reconstruction algorithm for helical
CT using a 3-P1 acquisition; 2003; Med. Phys.; 30 (9)2493-2502.
Katsevich, A.; Analysis of an exact inversion algorithm for spiral
cone-beam CT; 2002; Phys. Med. Biol.; 47:2583-2597.

Kohler, T., etal.; The Radon-split Method for Helical Cone-Beam C'T
and Its Application to Nongated Reconstruction; 2006; IEEE Trans.
on Medical Imaging; 25(7)882-897.

Kohler, T., et al.; A New Approach to Handle Redundant Data in
Helical Cone-Beam CT; 2005, 8th Int’l. Mtg. on Fully Three-Dimen-

sional Image Reconstruction in Radiology and Nuclear Medicine; pp.
19-22. http://www.fully3d.org/2005/3D05Proceedings.pdf.

* cited by examiner



U.S. Patent Aug. 17,2010 Sheet 1 of 8 US 7,778,387 B2

FIG. 1



U.S. Patent Aug. 17,2010 Sheet 2 of 8 US 7,778,387 B2

-_.l.llhll'l ."-l'l ~
N
m R

2

r
it
-
a
-
.
.
-

LT

L et

L
-
b

2>




U.S. Patent

Aug. 17, 2010

- L
" .
—- 1 )
s
N i,
! ]
L \
™ .
. oom
., .
A
1
1 1
1 .
' [ ]

Sheet 3 of 8

;l ] 1 ;
111 I
- - - -
1 - I-.
- X ‘.
r . ;I |I.I
1 ) [
1 LI -
' V. L
L 1
-t P -
[ | 1_
' TR
ne- e
1 - 1
oo L
- -
LI |
- .
.'I ) N
] T
I 1 1
L] I;
: P
: ‘n .o
P an .
' . :-
1 -
L] .I J
't -
= '
- 1

US 7,778,387 B2

FIG. 3

> >m



US 7,778,387 B2

Sheet 4 of 8

Aug. 17, 2010

U.S. Patent

xw_.__ﬂ, F
\.xh, ek

-.-i.._-.._I Im..-l

\\\\\ m mﬂﬂn
\\w\ m

FIG. 4

FIG. 5



U.S. Patent Aug. 17,2010 Sheet 5 of 8 US 7,778,387 B2




U.S. Patent Aug. 17,2010 Sheet 6 of 8 US 7,778,387 B2




U.S. Patent Aug. 17,2010 Sheet 7 of 8 US 7,778,387 B2

FIG. O



U.S. Patent Aug. 17,2010 Sheet 8 of 8 US 7,778,387 B2




US 7,778,387 B2

1

RECONSTRUCTION METHOD FOR
HELICAL CONE-BEAM CT

The mvention relates to a computed tomography method in
which an examination zone 1s irradiated along a helical tra-
jectory by a conical X-ray beam. Moreover, the imvention
relates to a computer tomograph as well as to a computer
program and a record carrier for controlling the computer
tomograph.

In many computed tomography (CT) methods of the kind
set forth, the absorption function of an object 1n the exami-
nation zone 1s approximately reconstructed from the measur-
ing values acquired by a detector unit. Exact and quasi-exact
reconstruction methods for helical CT are currently known
only for the n-PI acquisition, wherein, for an odd number n,
the used detector area 1s bounded by the projection of (n+1)
turns of the helical source trajectory onto the detector area (cf.
DE 102 52 661 Al and C. Bontus, T. Koehler, R. Proksa: “A
quasiexact reconstruction algorithm for helical CT using a
3-P1 acquisition,” Med. Phys., vol. 30, no. 9, pp. 2493-2502
(2003), which are incorporated 1nto the present application by
reference). These methods provide excellent image quality
for static objects, but due to the restriction to the n-PI acqui-
sition, they are quite sensitive to motion artifacts. Approxi-
mative reconstruction methods, on the other hand, are not
restricted to n-PI acquisitions, but suffer from artifacts in the
reconstructed i1mages which increase with growing cone
angle in axial direction.

Based on this situation it was an object of the present
invention to provide means that allow a fast, high-quality
reconstruction of absorption functions without being
restricted to certain acquisition windows.

This object 1s achieved by a computed tomography recon-
struction method, a computer tomograph, a computer pro-
gram, and a record carrier.

According to its first aspect, the invention 1s related to a
computed tomography reconstruction method whereby the
absorption function (1(x)) of object points (X) 1n the exami-
nation zone (13) 1s based on two non-empty sets (Z_,, 2. )
of filtered projections, wherein for a predetermined odd num-
ber m=n:

the first set (X _ ) of filtered projections yields, when back-
projected, a first absorption function (f/(x)) that contains
only contributions of Radon-planes with at most m inter-
sections with the source trajectory (17);

the second set (2. ) of filtered projections yields, when
back-projected, a second absorption function (f7(x))
that contains only contributions of Radon-planes with
more than m intersections with the source trajectory
A7):
at least one of the sets (Z_—,,, 2.,,) of filtered projections
contains contributions from measuring values outside the
n-PI window.

A method of the alorementioned kind has the advantage to
exploit available measuring values beyond the n-PI window.
In contrast to known exact or quasi-exact methods, there 1s no
restriction to exactly an n-PI window which would lead to a
loss of information and a waste of dose. The advantage of the
method 1s achieved by a (conceptually) split reconstruction
for Radon-planes with firstly at most m and secondly with
more than m intersections with the source trajectory. Based
on this approach, different concrete algorithms of the filtered
back-projection type can be provided for the reconstruction
of the absorption function.

Preferred realizations with respect to embodiments will be
discussed 1n more detail below.
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The term “helical” 1n the following shall be understood 1n
a general sense as a spiral or threadlike shape without being
restricted to mathematically exact helices, though the latter
will commonly describe the relative movement of radiation
source and object. Moreover, it should be noted that the two
sets of filtered projections need not necessarily be generated
as intermediate results; instead, the method shall also com-
prise reconstruction algorithms that achieve the same final
result without explicitly generating these sets.

The predetermined odd number m that 1s used to charac-
terize the two sets of filtered projections is preferably equal to
n, 1.€. the maximal PI window size that 1s completely covered
by the acquisition. In this case the first set of filtered projec-
tions reaches a maximal size, which 1s advantageous 11 exact
or quasi-exact reconstruction algorithms are applied on this
set.

Preferably the second set of filtered projections yields,
when back-projected, an absorption function f¥(x) that con-
tains contributions from almost all Radon-planes with more
than m 1ntersections with the source trajectory. In the follow-
ing, the term “almost all” means, 1n a strict mathematical
sense, that the missing Radon-planes occupy a volume of
measure zero. The use of almost all Radon-planes with more
than m intersections leads to an optimal exploitation of the
overscan data.

In a first basic variant of reconstruction algorithms accord-
ing to the invention, the first absorption function f/(x) of
object points x 1n the examination zone 1s reconstructed from
the first set of filtered projections, and the second absorption
function (x) of object points X in the examination zone is
reconstructed from the second set of filtered projections,
wherein said first and second absorption functions are then
superposed to yield the final absorption function 1(x) of object
points X 1n the examination zone.

According to a second basic variant of the reconstruction
algorithm, the final absorption function 1(x) of object points x
in the examination zone is reconstructed based on a third set
of filtered projections, wherein said third set corresponds to
the point-by-point or pixel-wise sum of the first and the sec-
ond set of filtered projections. As the reconstruction typically
involves back-projections, this second variant 1s computa-
tionally less expensive because only one back-projection
(based on the third set) 1s necessary.

In a particular further embodiment of the imvention, the
computed tomography method comprises the following
steps:

the partial derivative D/ of measuring values, which are

generated by parallel rays emanating from different
radiation source positions, 1s determined with respect to
the angular position s of the radiation source;
the first and the second set of filtered projections comprise
for each measuring value a first filtered value P¥(s,x) and
a second filtered value P(s,x), respectively, wherein:

each first and second filtered value P¥(s,x), P”/(s,x) corre-
sponds to a weighted sum, with filter factors .7, n.””, of
first and second intermediate filtered values P, Y(s,x) and
P /(s,x), respectively, and

each of said intermediate filtered values P “(s,x), P, ”(s.x)
1s the result of filtering the derived measuring values along an
associated filtering line with a K-filter;

the absorption function 1(x) of object points x 1n the exami-
nation zone 1s reconstructed by weighted back-projection of
the first and second filtered values P¥(s.x), P?(s,x).

The aforementioned steps characterize reconstruction
algorithms of the so-called EnPiT-type (ci. C. Bontus, T.
Koehler, R. Proksa: “EnPi1T: A reconstruction algorithm for
helical C'T”, Proceedings of the IEEE Medical Imaging Con-
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ference, Rome, Italy, (2004); C. Bontus, T. Koehler, R.
Proksa: “EnPi1T: Filtered back-projection for helical CT using
an n-P1 acquisition”, IEEE Trans. Med. Imag., (accepted for
publication 1n 2005); both articles are incorporated into the
present application by reference). These algorithms yield, in
case of properly defined filter lines, exact or quasi-exact
results with well ivestigated properties.

The K-filter that 1s mentioned in the previous embodiment
preferably corresponds to a convolution with (1/sin v),
wherein the angle v will be explained 1n more detail 1n the
description of the Figures.

In the EnP1T-type algorithms mentioned above, the proper
definition of filter lines 1s of crucial significance. Sets of filter
lines, associated filter factors u, and weighting factors for
back-projection that allow a discrimination between the con-
tribution of Radon-planes with different numbers of intersec-
tions with the source trajectory are defined 1n claims 8 to 13
and 1illustrated 1n the Figures.

According to a further development of the method, the
clements of one of the two sets of filtered projections are
selected according to a cardiac gating scheme. In cardiac
gating, projections of the beating heart are admitted or
rejected from processing according to the heart phase during
which they were generated, wherein the heart phase 1s typi-
cally determined from ECG signals. The gating 1s preferably
done on projections of the second set of filtered projections
because they correspond to Radon-planes with a higher num-
ber of intersections with the helix and thus relate to data
which have been measured with high redundancy.

A computer tomograph for carrying out the computed
tomography reconstruction method 1s disclosed. Also dis-
closed 1s a computer program for controlling such a computer
tomograph, a record carrier, for example a tloppy disk, a hard
disk, or a compact disc (CD), on which such a computer
program 1s stored.

These and other aspects of the invention will be apparent
from and elucidated with reference to the embodiment(s)
described hereinatter.

In the following the invention i1s described by way of
example with the help of the accompanying drawings in
which:

FIG. 1 shows a computer tomograph which 1s adapted for
carrying out the method 1n accordance with the invention;

FIG. 2 1llustrates a first variant of carrying out the method
in accordance with the invention, wherein a first and a second
set of projections are back-projected and the resulting images
are added;

FIG. 3 illustrates a second variant of carrying out the
method 1n accordance with the invention, wherein a first and
a second set of projections are first added and then back-
projected together;

FI1G. 4 shows a perspective view of the helical trajectory of
a radiation source 1n a 3-PI acquisition together with a focus
centered and a virtual planar detector area, respectively;

FIG. § 1llustrates 1n a perspective view of the source posi-
tion and the virtual planar detector area the definition of the
angle v;

FIG. 6 shows PI-window boundaries and exemplary sepa-
ration lines on the virtual planar detector area for a 5-PI
acquisition;

FIG. 7 shows exemplary filter lines of the set ST%;

FI1G. 8 shows, from top to bottom, exemplary filter lines of
the sets SL,“, SL.“® and SL.“*;

FI1G. 9 shows, from top to bottom, exemplary filter lines of
the sets SP,“®, SP.“ and SP.'?;

FI1G. 10 shows, from top to bottom, exemplary filter lines of
the sets SP,“, SP.% and SP,*.
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The computer tomograph shown 1n FIG. 1 comprises a
gantry 1 which 1s capable of rotation about an axis of rotation
14 which extends parallel to the z direction of the co-ordinate
system shown in FIG. 1. To this end, the gantry 1 1s driven by
a motor 2 at a preferably constant, but adjustable angular
speed. A radiation source S, for example, an X-ray source, 1s
mounted on the gantry 1. The radiation source is provided
with a collimator arrangement 3 which forms a conical radia-
tion beam 4 from the radiation generated by the radiation
source S, that 1s, a radiation beam which has a finite dimen-
sion other than zero 1n the z direction as well as 1n a direction
perpendicular thereto (that 1s, 1n a plane perpendicular to the
axis of rotation).

The radiation beam 4 traverses a cylindrical examination
zone 13 1n which an object, for example, a patient on a patient
table (both not shown) or also a techmical object may be
situated. After having traversed the examination zone 13, the
radiation beam 4 1s incident on a detector unit 16 which 1s
attached to the gantry 1 and comprises a detector surface
which comprises a plurality of detector elements arranged in
rows and columns in the form of a matrix in the present
embodiment. The detector columns extend parallel to the axis
of rotation 14. The detector rows are situated 1n planes which
extend perpendicularly to the axis of rotation, that 1s, prefer-
ably on an arc of a circle around the radiation source S (focus
centered detector area). However, they may also have a dii-
ferent shape, for example, an arc of a circle around the axis of
rotation 14 or be rectilinear. Generally speaking, the detector
rows comprise more detector elements (for example, 1000)
than the detector columns (for example, 16). Each detector
clement struck by the radiation beam 4 produces a measuring
value for a ray of the radiation beam 4 1n each position of the
radiation source.

The angle of aperture of the radiation beam 4, denoted by
the reference o, determines the diameter of the object
cylinder within which the object to be examined 1s situated
during the acquisition of the measuring values. The angle of
aperture 1s defined as the angle enclosed by a ray situated at
the edge of the radiation beam 4 1n a plane perpendicular to
the axis of rotation with respect to a plane defined by the
radiation source S and the axis of rotation 14. The examina-
tion zone 13, or the object or the patient table, can be dis-
placed parallel to the axis of rotation 14 or to the z axis by
means of a motor 5. As an equivalent, however, the gantry
could also be displaced in this direction.

When a technical object 1s concerned instead of a patient,
the object can be rotated during an examination while the
radiation source S and the detector unit 16 remain stationary.

When the motors 2 and 5 operate simultaneously, the radia-
tion source S and the detector unit 16 describe a helical
trajectory relative to the examination zone 13. However,
when the motor 5 for the displacement 1n the direction of the
axis of rotation 14 1s stationary and the motor 2 rotates the
gantry, a circular trajectory 1s obtained for the radiation
source and the detector unit 16 relative to the examination
zone 13. Hereinatter, only the helical trajectory will be con-
sidered. Such a helical trajectory 17 (FIGS. 4, 5) can be

described by the equation

($)=(R cos s,R sin s,s%/2m)" (1)

with R being the radius of the helix 17, s being the angular
position of the radiation source on the helix, and h being the
pitch, 1.e. the distance between two neighbouring turns of the

helix 17 (ct. FIG. 4).

The measuring values acquired by the detector unit 16 are
applied to an 1mage processing computer 10 which 1s con-
nected to the detector unit 16, for example, via a wireless data
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transmission (not shown). The image processing computer 10
reconstructs the absorption distribution in the examination
zone 13 and reproduces 1t, for example, on a monitor 11. The
two motors 2 and 5, the 1image processing computer 10, the
radiation source S and the transfer of the measuring values
from the detector unit 16 to the 1image processing computer 10
are controlled by a control unit 7.

In other embodiments the acquired measuring values can
first be applied to one or more reconstruction computers for
reconstruction, said computers applying the reconstructed

data to the 1image processing computer, for example, via an
optical fiber cable.

FIG. 2 illustrates a first basic variant of a measuring and
reconstruction method that can be executed by means of the
computer tomograph shown 1n FIG. 1.

The data acquisition process 1s symbolized at reference
number 101 1n FIG. 2. It starts with the imitialization of the
system, aifter which the gantry rotates at an angular speed
which 1s constant in the present embodiment. However, 1t
may also vary, for example, 1n dependence on the time or on
the radiation source position. In the next step, the examination
zone (or the object or the patient table) 1s displaced parallel to
the axis of rotation and the radiation of the radiation source S
1s switched on, so that the detector unit 16 can detect the
radiation from a plurality of source positions y(s). Thus, a
series of two-dimensional projections of the examination
zone 1s produced which form the raw data from which the
absorption function of the object has to be reconstructed.

In the next step of the algorithm, a first and a second set
>_. and 2_  of filtered projections are calculated from the
alorementioned raw projections for a predetermined odd
number m. A “filtered projection™ 1s a two-dimensional array
of data in which each element or position corresponds bijec-
tively to an element/position on the detector area of the raw
projections and in which the value of each element/position 1s
calculated from said raw data. Examples of filtered projec-
tions will be described in more detail below.

Inthenextsteps 102, 112 of FIG. 2, the first and second sets
> .., 2, of filtered projections are re-binned into a parallel
geometry. These steps are optional and primarily a technical
measure to icrease computational efficiency and accuracy
without influencing the principal outcome of the method. For
a more detailed description of the re-binning step, reference 1s

made to the DE 102 52 661 Al.

In the next steps 103, 113 of the algorithm, the filtered (and
optionally re-binned) projections are back-projected, yield-
ing a first absorption function f/(x) and a second absorption
function f7(x), respectively. As will be explained in more
detail below, the back-projection 1s done with an aperture (or
angular) weighting, wherein a constant non-zero weight 1s
applied 1nside the n-PI window 1n step 103, while all data are
used 1n step 113.

In the final step, the two absorption functions f“(x) and
(x) are added to yield the final absorption function f(x) or
tomographic image of the object 1n the examination zone.

The difference between the upper and the lower recon-
struction path 1 FIG. 2 lies 1n the different use of Radon-
planes. Given an object function 1(x), the Radon transform RT
of this function at pw 1s defined as

R0 = [ dxf@dlo-w- )

(e
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6

1.€., Ri{p, w) 1s a plane integral through 1(x), ® the normal
vector of this “Radon-""plane, and p the shortest distance of
the Radon-plane to the origin. The mnverse Radon transform
can be written as

(3)

J(x) = dQR" f(w-x, X),

8n2

wherein the integration runs over the whole unit sphere
with w=(cos ¢ sin 0, sin ¢ sin 0, cos 0) and with R"{{p, »)
being the Radon transform of 1(x) differentiated twice with
respect to p.

The first set X _ ,, of filtered projections in the upper path of
FIG. 2 1s now designed 1n such a way that the object function
f7(x) reconstructed therefrom contains only contributions of
Radon-planes with at most m intersections with the helical
trajectory 17 of the radiation source. With other words, the
first function f(x) corresponds to the integral

(4)

FH(x) o @fx lfﬂfﬂﬁ’”f(iﬂ'xa x)T f(w),

wherein K_If contains only (but notnecessarily all) normal
vectors w ol Radon-planes with at most m intersections with
the source trajectory 17, and wherein t,{w) 1s a factor that
weilghts the contribution of each Radon-plane with normal
vector m.

In a similar way, the second set 2__ of filtered projections
1s designed 1n such a way that the resulting absorption func-
tion f/(x) contains only (but not necessarily all) contributions
of Radon-planes with more than m intersections with the
source trajectory 17. With other words, the second function
/(x) corresponds to the integral

7 (%) o sz dOR” f(w-x, X)Tpr (W), )
8 K _hf

wherein K_hi contains only (but not necessarily all) nor-
mal vectors o of Radon-planes with more than m 1ntersec-
tions with the source trajectory 17, and wherein T, {w) 1s a
tactor that weights the contribution of each Radon-plane with
normal vector w. The additional weights t,{w), T, {w) are
ideally 1dentical to 1 for all w, meaning that the two 1mages
would add up exactly to the object function 1. However,
exactness may sometimes be sacrificed i order to use all
available data (T, {w) will for example not be 1dentical to 1
everywhere 1n the algorithm explained below).

It can be shown that Radon-planes with a small number of
intersections with the helix 17 (running more perpendicular
to the rotation axis) determine the low-1frequency (I1) compo-
nents of the absorption function, while Radon-planes with a
higher number of intersections (running more parallel to the
rotation axis) determine the high-frequency (hi) components.
Therefore, the first and second function /(x) and £7(x) com-
prise primarily low-frequency and high-frequency compo-
nents, respectively, and have been indexed accordingly.

An advantage of the separation of contributions from
Radon-planes with different numbers of intersections with
the helix 17 1s that 1t 1s possible to use (quasi-)exact recon-
struction algorithms on the first set 2_,, of filtered projec-
tions, while the second set 2. of filtered projections takes
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into account all measuring values available on the whole
detector area. Thus no information 1s lost and the radiation
dose 1s optimally used.

FIG. 3 shows a second basic variant of the algorithm
according to the present invention. As in FIG. 2, twosets 2 _
> of filtered projections are generated from measuring val-
ues and re-binned into parallel geometry, wherein the first set
>, and the second set 2., contain only contributions of
Radon-planes with at most m intersections and more than m
intersections with the source trajectory 17, respectively, 1n the
sense defined above.

In ditference to FI1G. 2, the filtered projections ot sets 2,
2. are not back-projected separately but added point-by-
point 1n step 104. The added data are then back-projected in
step 105 with an aperture weighting and a normalization over
n-PI partners, yielding the object function 1(x). Investigation
show that this object function 1(x) has, 1n spite of the applied
approximations, a very good image quality. An advantage of
the method shown 1n FIG. 3 1s that only one step of back-
projection 1s necessary.

A preferred way for the reconstruction based on a first set
>, and a second set 2_  of filtered projections will be
explained 1 more detail below, wherein the described
approach makes use of quasi-exact reconstruction methods
tor the n-PI acquisition that have been developed in recent
years based on an 1ni1tial work of Alexander Katsevich (ci. A.
Katsevich, “Analysis of an exact inversion algorithm for spi-
ral conebeam CT,” Phys. Med. Biol. 47, 2583-2597 (2002),
and the literature cited above). The absorption function (1(x))
of object points (x) 1n the examination zone 13 1s recon-
structed based on two non-empty sets (Z—,,, 2. ,,) of filtered
projections for a predetermined odd number m=n.

FI1G. 4 shows as an example a 3-PI acquisition geometry. In
this geometry, the pitch height h i1s chosen such that, from
cach position y(s) of the radiation source, at least four neigh-
boring windings of the helical source trajectory 17 are pro-
jected onto the detector area 16. In the general case of an odd
number n=3, (n+1) turns of the source trajectory 17 are
projected onto the detector area. This situation 1s called n-PI
acquisition and n-PI relative motion.

FI1G. 4 further shows a virtual planar detector area 60 which
comprises the axis 14 of rotation and which has a normal
intersecting the corresponding source position y(s). A co-
ordinate system (u,,, v »;) 1s fixed at the center of this detector
60 (ct. FIG. 5).

The known quasi-exact reconstruction methods (ci. cita-
tions above) share the feature that the back-projection interval
1s bounded by PI- or n-Pl-lines. In other words, the first and
last ray used for reconstruction of an object point are dia-
metrically opposed to each other. There are two major short-
comings of this feature: First, the detector area 1s not used
completely, because the typical detector 1s cylindrical 1n
shape. Second, this restriction makes the algorithm sensitive
to motion artifacts.

In the following, an approximate method to incorporate an
arbitrary amount of redundant data will be presented. In order
to distinguish 1t from the aforementioned exact methods,
which use no or a fixed amount of redundant data, the addi-
tionally used redundant data will be denoted as “overscan”.
The associated acquisition geometry will be called n-PI+
acquisition, in that there are suificient data for an exact n-PI
reconstruction but not enough data for a (n+2)-PI reconstruc-
tion. The symbol + indicates that there are some additional
overscan data that shall be used. Measuring values 1n ann-PI+
window which are dependent on the intensity 1n the radiation
beam on the other side of the examination zone are acquired
by means of the detector unit 16 during the helical relative
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8

motion, wherein n 1s an odd number and wherein said n-PI+
window by definition comprises an n-PI but not an (n+2)-PI
window.

Reconstruction algorithms of the Katsevich type can gen-
crally be separated into three steps: 1. Differentiation, 2.
Filtering, 3. Back-projection. These operations are performed
on the measuring values or raw data generated during the data
acquisition step. For each position y(s) of the radiation
source, the measured data correspond to line integrals. Intro-
ducing the unit vector 8, the projection data are given by

6
D510 = [ dify+10) ©)

In order to handle the overscan data of an n-PI+ acquisition,
a first and a second (or low-frequency and high-frequency,
respectively) image f/(x) and f¥(x) are generated separately
and then summed to yield the object function 1(x). This
approach corresponds to the variant illustrated 1n FIG. 2, but

the following explanations can readily be transferred to the
situation of FIG. 3, too. Both images, (x) and f(x), are
generated by the back-projection formula

(7)

(—1) 1 ds
xf _ _ f E xf
s 2 nf M S)|X—J"(5)| - A
IBP(x)

(y(s), cosyS + sinyexvf )

xf
(—1) 1 ; ds & -
= o2 Ef Py 2,1 P s
IBP(x) v=1
~1)1
u — w¥ (x, s) ° P (s, x)
2T= R IBP(x) |X—}’(5)|

where the superscript xi can be either I or hi, 3 1s the unit
vector pointing from the source position y(s) to the object
point x, D' =0D /0s are the projection data differentiated with
respect to the angular position s of the radiation source, and
IBP(x) denotes the back-projection interval of x. The defini-
tion of the angle v can be seen from FIG. 5: a certain object
point x 1s projected onto the point indicated by A on the planar
detector 60. For the filtering (i.e. the integration over v), data
along the filter line B have to be combined. Given a point C on
this filter line, the angle v corresponds to the angle between
the two rays, which intersect with points A and C.

Moreover, w¥(x,s) is a weighting function, which is sub-
ject to the normalization condition

Z WY (x, s+ jo) +w¥ (x, s+ (j + D + 2y(x, ), (8)

je27

where y(X,s) denotes the fan-angle, under which the object
point X 1s seen from source position v(s).

For the low-frequency image f7(x), the filter lines (corre-
sponding to the vectors e ) are chosen such, that f/(x) con-
tains the contribution of all Radon-planes, which intersect
with the helix (1n contrast to the back-projection interval) at
most n times. The weighting function 1s constant in the n-PI
window:

(9)

w¥(x,s)=1/n for sel,, 1y and O else.
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FIGS. 6 to 10 refer to the definition of different sets of filter
lines which correspond to the vectors e ¥ in equation (7). The
filter lines can be divided into four groups, namely ST,
SL, % SP,“” and SP,** for 1=k=n+1. The sets SL,** are
identical to those known from literature (ci. C. Bontus, T.
Koehler, R. Proksa, above) FIG. 6 shows

separation lines L* , used to define the sets SL, ) FIGS.
7-10 show examples of sets STY, S[,, % Sp, & and Sp, (&)
on the planar detector. For sets SL (R) SP (R) and ST®, the
filtering should be performed from left to rlght while for sets
SP. . the ﬁltermg should be performed from right to left.
T‘le solld curves 1n FIGS. 6-10 are the boundarnies of ditferent
k-PI windows. The Stralght solid limmes 1 FIGS. 9 and 10
separate different regions. In these different regions, the filter
lines are tangential on different k-P1 window boundaries.

The dash-dotted lines 1n FI1G. 7 are the projections of the
focus-detector boundaries onto the planar-detector. The {il-
ter-lines in this Figure, ST, are either tangential on these
boundaries or parallel to dy(s)/ds, the asymptote on the PI-
window. The filter lines

ST® are introduced in order to be able to use all measured
data.

Using the filter lines of FIGS. 7 to 10, the next step of the
procedure according to FIG. 2 consists of the generation of
two filtered datasets 2_,, 2_ . 2. contains the contributions
of filter line sets SL, ¥, ST®), SP ¥ and SP, ), with
weights (factors 1./ in equation (7)) -1, 1, V5, and -5,
respectively.

For £_ , the contributions of filter line sets SL,%,
SL,®, . . . SL ® Sp¥% Sp,%) . Sp. &) Sp,%)
SP.%) ... SP, ® are summed up. The corresponding weights
are as follows. Sets SL,® and SP, "’ get the weight n/3, set
SL,, 7. &) g€ts the Welgh‘[ 1, and for 1<k<n set SL,“* gets the
weight 2n/(k(k+2)) Set SP &) gets the weight 1/2 and for
1<k<n set SP,* gets the welght -n/(k(k+2)). Set SPH(L) gets
the weight 1/2,J and for 1<k<n set SP, " gets the weight n/(k
(k+2)).

[t can be shown that 2_ , contains contributions of Radon-
planes with n or less intersection points with the helix (1.e. not
with the back-projection interval), while 2 contains contri-
butions of Radon-planes with more than n intersection points.
Moreover, the Radon-planes, which contribute to 2_ , are
weighted uniformly.

From the above definitions 1t follows that, for the high-
frequency image f7(x), the filter lines are chosen such that
almost all Radon-planes, which intersect with the helix more
than n times, are weighted equally with 1 (since the filter lines
in ST® become tangential to the detector boundary, this is
not true for all planes), while Radon-planes with at most n
intersections receive a weight of 0.

Considering the weighting function w?(x,s), a detailed
analysis shows that a separate treatment of so-called n-PI
partners (1.e. projections which are an integer multiple of 180°
apart from each other as seen from the object point X) 1s
required. This leads to a normalization of sets ol n-PI partners
to a weight of 1/n each:

w? (x, s + (jr+gn) + ) (10)
Z whf(x, s+{(j+1Dr+gn+2yix,s) )

je27

= | =

with g=0, . . . n—1. This completes the definition of all
components 1n equation (7).

If images of the cardiac system are reconstructed, the
cyclic motion of the object due to heart beat has to be taken
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into account. This 1s typically achieved by so-called cardiac
gating, 1.¢. the selected use of measuring values (projections)
that were generated during a given window of the heart cycle.
The heart phase 1s typically determined by a simultaneous
acquisition of electrocardiographic signals. As was explained
above, Radon-planes can be classified into sets of “k-planes™
according to the number k of intersections with the source
trajectory. Obviously, for a 1-plane, there 1s no redundancy,
such that the corresponding information 1s lost, 1f this plane
receives a cardiac gating weight of zero. Fortunately, accord-
ing to the Fourier-slice theorem, these planes contribute only
to low-Ifrequency contents, such that a gating 1s not really
necessary. The filter lines defined above separate the data into
two parts. The first part contains contributions of Radon-
planes, which intersect with the helix (1.e. not with the back-
projection interval) n times or less. The second part contains
contributions of Radon-planes with more than n intersection
points. Cardiac gating 1s applied only to the second kind of
conftributions.

Finally 1t 1s pointed out that 1n the present application the
term “comprising” does not exclude other elements or steps,
that “a” or “an” does not exclude a plurality, and that a single
processor or other unit may fulfill the functions of several
means. The mvention resides 1n each and every novel char-
acteristic feature and each and every combination of charac-
teristic features. Moreover, reference signs in the claims shall
not be construed as limiting their scope.

The invention claimed 1s:
1. A computed tomography reconstruction method, com-
prising:
determining an absorption function of object points in an
examination zone with a reconstruction computer using,

two non-empty sets of filtered projections, wherein for a

predetermined odd number m=a second predetermined

odd number n:

a first set of filtered projections yields, when back-pro-
jected, a first absorption function that contains only
contributions of Radon-planes with at most m inter-
sections with the source trajectory;

a second set of filtered projections yields, when back-
projected, a second absorption function that contains
only contributions of Radon-planes with more than m
intersections with the source trajectory; and

at least one of the sets of filtered projections contains
contributions from measuring values outside a n-PI
window: and

determining a partial dervative of measuring values with
respect to an angular position of a radiation source, the
measuring values being generated by parallel rays ema-
nating from different radiation source positions;

the first and the second set of filtered projections include,
for each measuring value, a first and a second filtered
value, respectively, wherein:
cach first and second filtered value corresponds to a

welghted sum, with filter factors, of first and sec-
ond intermediate filtered values, respectively, and
cach of said intermediate filtered values 1s the result of
filtering the derived measuring values along an
associated filtering line with a K-filter; and

the absorption function of object points in the examina-
tion zone 1s reconstructed by weighted back-projec-
tion of the first and second filtered values.

2. The method according to claim 1, wherein the predeter-
mined odd number m 1s equal to n.

3. The method according to claim 1, wherein the second set
of filtered projections vyields, when back-projected, and
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absorption function that contains contributions from almost
all Radon-planes with more than m intersections with the
source trajectory.

4. The method according to claim 1, wherein the first and
second absorption function are reconstructed from the first
and the second set of filtered projections, respectively, and

then superposed to yield the final absorption function of

object points 1n the examination zone.

5. The method according to claim 1, wherein the absorption
function of object points 1in the examination zone 1s recon-
structed based on a third set of filtered projections that corre-
sponds to the point-by-point sum of the first and the second
set of filtered projections.

6. The method according to claim 1, wherein the first and
second intermediate filtered values are generated by 1ntegrat-
ing the derived measuring values along the associated filter
line while applying a K-filter factor of (1/s1n v), wherein v 1s
the angle between a currently considered point and a refer-
ence point on the filter line as seen from the source position.

7. The method according to claim 1, wherein m=n and that
the first intermediate filtered values are based on one filter line
from each of a plurality of sets of filter lines.

8. The method according to claim 1, wherein m=n and that
the second intermediate filtered values are based on one filter
line from each of a plurality of sets of filter lines with weights
-1, 1, V2, and -%5.

9. The method according to claim 1, wherein the weighted
back-projection of the first filtered values 1s done with a
weight proportional to w”(x,s)/Ix—y(s)l with

l/n

0 else

for s fﬂ_pl(x)

wlf(x, 5) = {

wherein

X 1s the considered object point,

s 1s the angular position of the radiation source,

y(s) 1s the spatial position of the radiation source, and

L » 160 1s the back-projection interval ol x for an n-PIl acqui-

s1tion.

10. The method according to claim 1, wherein the weighted
back-projection of the second filtered values 1s done with a
weight proportional to w”/(x,s)/Ix-y(s)| with w”(x,s) obey-
ing the normalization condition

N

th(x,5+(jn+q)rr)+
Z whf(x,5+((j+1)n+q)fr+2}f(x, s))

JE27

[
= | =

wherein
g=0, ...n-1,
27={...-2,0,2,4,...}
X 1s the considered object point,
s 1s the angular position of the radiation source,
y(s) 1s the spatial position of the radiation source, and
v(X,s) 1s the fan-angle, under which x 1s seen from y(s).

11. The method according to claim 1, wherein the elements
of one of the sets of filtered projections are selected according
to a cardiac gating scheme.

12. A computer tomograph, comprising;:
a radiation source for generating a radiation beam which

traverses an examination zone or an object present
therein,
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a drive arrangement which serves to displace an object
present 1in the examination zone and the radiation source
relative to one another about an axis of rotation and/or
parallel to the axis of rotation,

a detector unit which 1s coupled to the radiation source and
comprises a detector area for the acquisition of measur-
ing values,

a reconstruction unit for reconstructing the spatial distri-
bution of the absorption of an object within the exami-
nation zone from the measuring values acquired by the
detector unit,

a control unit for controlling the radiation source, the
detector unit, the drive arrangement and the reconstruc-
tion unit 1n conformity with the following steps:
determining an absorption function of object points in an

examination zone with a reconstruction computer
using two non-empty sets of filtered projections,
wherein for a predetermined odd number m=a sec-
ond predetermined odd number n:
the first set of filtered projections yields, when back-
projected, a first absorption function that contains
only contributions of Radon-planes with at most m
intersections with the source trajectory;
the second set of filtered projections yields, when
back-projected, a second absorption function that
contains only contributions of Radon-planes with
more than m intersections with the source trajec-
tory; and
at least one of the sets of filtered projections con-
tains contributions from measuring values out-
side a n-PI window; and

determining a partial dervative of measuring values with
respect to an angular position of a radiation source, the
measuring values being generated by parallel rays ema-
nating from different radiation source positions;
the first and the second set of filtered projections include,

for each measuring value, a first and a second filtered

value, respectively, wherein:

cach first and second filtered value corresponds to a
welghted sum, with filter factors, of first and sec-
ond intermediate filtered values, respectively, and

cach of said intermediate filtered values 1s the result of
filtering the derived measuring values along an
associated filtering line with a K-filter; and the
absorption function of object points in the exami-
nation zone 1s reconstructed by weighted back-
projection of the first and second filtered values.

13. The computer tomograph according to claim 12,

wherein the predetermined odd number m 1s equal to n.

14. The computer tomograph according to claim 12,
wherein the second set of filtered projections yields, when
back-projected, and absorption function that contains contri-
butions from almost all Radon-planes with more than m inter-
sections with the source trajectory.

15. The computer tomograph according to claim 12,
wherein the first and second absorption function are recon-
structed from the first and the second set of filtered projec-
tions, respectively, and then superposed to yield the final
absorption function of object points 1n the examination zone.

16. The computer tomograph according to claim 12,
wherein the absorption function of object points 1n the exami-
nation zone 1s reconstructed based on a third set of filtered
projections that corresponds to the point-by-point sum of the
first and the second set of filtered projections.

17. A non-transitory computer-readable medium contain-
ing instructions for a control unit for controlling a radiation
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source, a detector unit, a drive arrangement and a reconstruc-
tion unit of a computer tomograph so as to execute the steps
of:
determining an absorption function of object points 1n an
examination zone with a reconstruction computer using
two non-empty sets of filtered projections, wherein for a
predetermined odd number m=a second predetermined
odd number n:
the first set of filtered projections yields, when back-
projected, a first absorption function that contains
only contributions of Radon-planes with at most m
intersections with the source trajectory;
the second set of filtered projections yields, when back-
projected, a second absorption function that contains
only contributions of Radon-planes with more than m
intersections with the source trajectory; and
at least one of the sets of filtered projections contains
contributions from measuring values outside the n-PI
window; and
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determiming a partial derivative of measuring values with

respect to an angular position of a radiation source, the
measuring values being generated by parallel rays ema-
nating from different radiation source positions;

the first and the second set of filtered projections include,
for each measuring value, a first and a second filtered
value, respectively, wherein:

cach first and second filtered value corresponds to a
weilghted sum, with filter factors, of first and second
intermediate filtered values, respectively, and

cach of said intermediate filtered values 1s the result of
filtering the derived measuring values along an asso-
ciated filtering line with a K-filter; and

the absorption function of object points in the examina-
tion zone 1s reconstructed by weighted back-projec-
tion of the first and second filtered values.
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